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Introduction 

The mechanism of chemi-ionization i n  hydrocarbon oxidation 
react ions has a t t r ac t ed  much i n t e r e s t  i n  recent years.  Ionizat io  
i n  hydrocarbon flames has b e s tudied by means of Langmuir probe!:* 
mass q s c t r o m e t r i c  samplingf "and microwave a t tenuat ion  measure- 
ments. By using these techniques the  concentration of ions i n  t he  
flames of lower hydrocarbons has been measured and has been shown 
t o  be too great  t o  be accounted fo r  by thermal exc i ta t ion .  Most 
inves t iga tors  agree that the  ions are formed by chemical react ions 
but the nature of these react ions as y e t  is not absolutely c lear .  
The high hea ts  of formation of most organic ions places  severe 
energet ic  r e s t r i c t i o n s  on the  react ion which produces ions,  
and much e f f o r t  has been spent considering reaqtion? exothermic 
enough t o  do t h i s .  The reac t ion ,  CH + 0 = CHO + e , has been 
suggested as a probable ion forming reac t ion ,  byt no conclusive 
evidence f o r  it  has been found. To be sure  CHO (mass 29) has 
been observed by many inves t iga tors  i n  flames, but  it has always 
appeared i n  conCentrations guch below t h a t  of t he  mor$ abundant 
ions (e. g .  H30 ) .  Calcote has pointed out that CHO would be 
expected t o  undergo rap id  proton t r ans fe r  reac t ions  with water, 
a product of these oxidations,  thus explaining i ts  presence i n  
such low concentrations.  
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invest igat ion of low pressure a3e$ylene-oxygen+flames. 
was observed i n  t he  flame p r o f i l e  ahead of H 0 
concentrations and i t s  abundance was kndepenient of t h e  s toichio-  
met ry  of t he  flame. 
vat ions on the  bas i s  of charge t r ans fe r  react ions from CHO . 

Calcote has detected the  C H + ion i n  a mass spectrometric 
This ion 

i n  q u i t e  la rge  

It is d i f fucu l t  t o  account f o r  these  gbser-  

The work described i n  t h i s  paper w a s  performed using shock 
tubes,  and the  react ions which occur during the  oxidat ions of 
both methane and acetylene were s tudied by m e a n s  of a ungmuir  
probe and a l s o  by m e a n s  of a t ime-of-fl ight mass spectrometer 
which was adapted t o  detect  t h e  chemi-ions formed during the  
reac t ions .  
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The apparatus i n  which the Langmuir probe measurements were 
made w a s  sub t a n t i a l l y  t h e  same as t h a t  described by Hand and 
Kistiakowsky . Shock waves were generated i n  a th ree  inch I. D .  
s t e e l  tube and shock wave ve loc i t i e s  were measured by gold fi lm 
res i s tance  gauges the  outputs  of which were displayed on a r a s t e r  
sweep oscil loscope. 
wave passed through a l i thium f luor ide  window and was  detected 
by means of an RCA 1P28 p p t o m u i t i p l i e r .  An in te r fe rence  f i l t e r  
was used t o  i s o l a t e  the  A A 3 X  TT system of CH. 
of a 12 m i l  diameter tungsten wire placed i n  the  shock tube i n  a 
p l a n e  defined by the o p t i c a l  s l i t s .  
inch of the  w i r e  was insu la ted  with Armstrong A 2  cement, the t i p  
o f  t he  probe being near t h e  shock tube ax i s .  
t o  the  apparatus was the  introduction of a removable piston which 
could be placed seven m i l l i m e t e r s  behind the  cross  sec t iona l  plane 
which contained the probe. This allowed the  react ions i n  the  
s ta t ionary  gas behind the  r e f l ec t ed  shock t o  be s tudied,  thus 
removing the complicating e f f7c t  of the  aerodynamic interact ion of 
the  moving gas with the  probe. 
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Radiation from the  heated gas behind the shock 

The probe consisted 

A l l  but the l a s t  one-quarter 

The major modification 

The second technique combines a shock tube and a Bendix time- 
o f - f l i g h t  mass spectometer i n  a redesigned apparatus which i s  a 
s ign i f i can t  gmprovement over the  one described by Bradley and 
Kistiakowsky. Complete m a s s  spectra  of the  reac t ing  gases can be 
obtained every 20 o r  50 )Isec.  Data is recorded by means of Polaroid 
10000 ASA speed f i lm.  Normally a t o t a l  of twenty-one spectra  a r e  
displayed on three  Tektronix 531-A osci l loscopes so t h a t  t he  amount 
of observable reac t ion  time i s  a l i t t l e  over a millisecond with 
20 KC operation. The mass range can be adjusted a t  w i l l  before 
the s ta r t  of an experiment. 

Sampling is through a small pinhole (.004 i n .  diameter) i n  the 
t i p  of a small conica l  nozzle (1 nnn. by 1 mm. pointed away from the  
mass spectrometer) a t  t he  end of the shock tube. It is f e l t  tha t  
t h i s  small nozzle reduces problems caused.by boundary l a y e r  bui ld  
up on the  re f lec t ion  p l a t e  onto which the  nozzle is  mounted. 

The shock tube is  one inch i n  diameter and 2 . 7 5  meters long. 
Shock ve loc i t i e s  are measured with four th in  f i lm res i s tance  gauges 
( e i the r  P t  or  Au) spaced t e n  centimeters apa r t .  The s igna ls  from 
these gauges a r e  displayed on a raster osci l loscope.  
tu res  are calculated us ing  idea l  shock r e l a t ions  i n  both incident 
and r e f l ec t ed  shocks. 

Shock tempera- 

A l l  experiments with t h e  t ime-of-f l ight  mass spectrometer 
reported here w e r e  c a r r i e d  out with f i v e  percent reac tan ts  i n  
n inety-f ive percent krypton. 
probe apparatus w e r e  c a r r i e d  out with one percent reac tan ts  i n  
n inety-nine percent argon. 

The experiments with the Langmuir 
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Ions and s t a b l e  products were observed using the  t ime-of-fl ight 
mass spectrometer i n  the  oxidations of both acetylene and methane. 
Both types of species arose concurrently a f t e r  an  induction period 
cha rac t e r i s t i c  of a branching chain react ion.  I n  both systems the 
t o t a l  ionizat ion was observed using t h e  Langmuir probe technique. 
The ionizat ion rises exponentially with time and the  measured/ 
time constants provide a convenient method f o r  determining 
r a t e s  of the  branching chain react ions.  
a major par t  of t he  react ion s ince ,  f o r  example, i n  t he  oxidation 
of acetyleneg the  maximum concentrat on which the  ions achieved 
was about 10 7ions/cc. This was 10 of t h e  i n i t i a l  acetylene 
concentration. 

the  
Ionization is not,  however, 

-6 

The individual ions produced were indent i f ied with the t i m e -  
o f - f l i gh t  mass spectrometer. The la rges t  mass peaks i n  t he  acety- 
lene-oxygen sys tem were 39 and 19. 39, 31, 19,  and 37 were 
observed i n  the methane-oxygen sys tem.  By using deuterated acety- 
lene and methane the  following assignments were made f o r  the  
d i f f e ren t  species: 

Figure 1 shows the  time A d t o r y  of 2he ion iz j t i on  i n  t9 ypical 
expe rben t s  with acetylene-oxygen. 
f i r s t  ion observed followed later by H 0. 
the  reactant  mixtures were: 
(B) 3.75 O2 + 1 .25  C2H2 + 95 K r .  
i n  mixtures where acetylene w a s  i n  excess over oxygen. 

39-C H+ ; 31-CH O+; 37-H O-H20+;  19-H20+. 

It 14 seen that C3H3 i s  t h e  
In these experiments 

(A) 3 O2 3 2 C2H2 + 95 K r ,  and 
Ionization was not observed 

$3€Ii was a l so  the  f i r s t  ion observed i n  th$ oxidation of methane. 
a ose a t  nearly the  same t 9 e  as d id  C H but i t s  concentration CH30 

was much lower. H 3 0  and H30*H20 arose  concurrently a t  s t i l l  
later times. 

3 3  

In the acetylene-oxygen system the  time constant measured for  
the  growth of ionization , using the Langmuir probe technique, was 
found to  be ident ica l  t o  that measured f o r  thf simuitaneous growth 
of chemi-luminescent rad ia t ion  from the  CH (A A-+X a) system. 

In e a r l i e r  experiments with the  t ime-of-fl ight mass spectro- 
meter, the  s t ab le  products B!gerved i n  t h e  oxidation of acetylene 
were CO, H 0, COZY and C H 2 .  
the  preseng study. COY bo2, H20, and C2H were observed as s t ab le  
products i n  the methane-oxygen system. 
i n  3 0 + 2 CH4 + 95 K r ,  and it was absent i n  1.4 O2 + 3 . 6  CH +95 K r .  
C H w i s  found t o  be a major product i n  the la t ter  m i x t u r e  bu t  2 4 s  formed i n  qu i t e  small quant i t ies  i n  the former. 

Discussion 

These r e s u l t s  were confirmed i n  

C8, w a s  a major product 

C3H: has been observed by several inves t iga tors  i n  hydrocarbon 
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oxidation systems. AS has bqen s t a t e d  previously,  Calcclte de- 
tec ted  t h i s  ion ahead of H30 i n  a d i l u f e  low pressure flame of 
acetylene and oxygen. Green  and Sugden 
i n  flames a t  somewhat higher pressures.  The following react ion 
scheme? have been suggested by these workers f o r  t he  formation 
of C3H3. 

Calcote : 
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have also observed t h i s  i o n  

(1) CH * 0 = CHO' + 0 -  . .  
(2) CHO+ + H20 = H 0 ++ CO 
(3 )  H30 -t C3H2 = ?3H3 4- H20 

Green and Sugden: 
(1) CH -$ 0 = CHO' + p- 
(2)  CHO+ + H 0 = H 0 
(4) H 0 ++ C b , O  = SH30+ + H20 
(5) Cd30 + C2H2 = C3H3 + H20 

-$ CO 

+ In both of these mqchanisms, C H 
react ions from CHO . 
gas behind a r e f l e c t e d  shock wave i s  much b e t t e r  defined than i n  
a flame where d i f fus ion  and cold boundary l a y e r  $ f f ec t s  coyld 
inva l ida te  measurements, and it i s  f e l t  t h a t  C H 
the  f i r s t  ion formed since it i s  the f i r s t  ion30%erved i n  these 
experiments . 

i s  formed by charge t r ans fe r  
Howe~er ,~ tAe  t i m e  h i s to ry  i n  the  s ta t ionary  

an$$HO , is 

+ Two s t ruc tures  appear t o  be f eas ib l e  f o r  t he  C3H3 ion: 
+ (A) HCZC-CH2 + 

and (B) H(@,CH 
CH 

The cyclopropenyl ion (B) is believed t c j  be the  more probable s t ruc-  
t u r e ,  s ince  it has grea t  s t a b i l i t y  due t o  delocal izat ion of i t s  
B electron system. 
of t he  cyclopropenyl ion have been synthesizfd and halogen s a l t s  
a r e  completely d issoc ia ted  i n  polar so lvents .  Furthermore, a 
p laus ib le  mechanism f o r  it 
possible ,  whereas such a mechanism f o r  the  formation of (A) is 
d i f f i c u l t  t o  j u s t i f y  o n  a n  e n e r g e t i c  bas i s .  

Tr i - subs t i tu ted  a l i p h a t i c  and aromatic analogs 

can be suggested which is energe t ica l ly  

I f  (B) i s  t h e  co r rec t  species i t  should be extremely s t a b l e  
and should undergo l i t t l e  o r  no charge t r ans fe r .  
is removed from t h e  system by chemical reac t ion ,  perhaps with 
oxygen r e su l t i ng  i n  the production of other  ions.  Indeed i n  
expqriments where oxygen is i n  excess the+rate  of f a l l  o f f  f o r  
C3H3 is  f a s t e r  and t h e  t o t a l  y ie ld  of H30 
experiments where oxygen is present i n  s toichiometr ic  quan t i t i e s  
(see Figure 1). 

The ion probably 

i s  grea te r  t h a t  i n  

The following mechanism i s  proposed fo r  the  formation of C3Hl: 
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( 6 )  CH + C2H2 = HV+ + e- 

The heat of formation has been determined by Wiberg et al l ' for  C3H>o 
be 2 7 1  kcaljmole. This value i s  higher t h a n  t h a t  estimated by 
a simple molecular o r b i t a l  ca lcu la t ion  coupled with thermodynamic 
considerat ions,  and the value measured by Wiberg e t  a1 m y  r e f e r  
t o  s t ruc tu re  ( A ) .  However i f  t h e  Wiberg value does apply t o  (B) 
then rearjtion (9) is  nearly thermonesra l  i f  the  CH r ad ica l  is  
i n  i t s  A A o r  B F s t a t e .  I f  t he  calculated value is cor rec t  then 
the CH r ad ica l  could even be i n  i t s  ground statp and react ion (6) 
would be close t o  thermoneutrali ty.  Both CH (A A) and CH grfynf3 
s ta te  a r e  known t o  be present i n  t he  oxidation of acetylene.  
Since there  is some evidence f o r  t he  existence of acetylene i n  
the  oxidation+of methane,  react ion (6) could a l s o  explain the obser- 
vation of  C H i n  t h i s  system. 3 3  

The above mechanism has recieved some support from the  obser- 
vation of chemi-ionization i n  t h e  react ion of iodoform and acety- 
lene.  The chemi-ionization had a n  "act ivat ion energy of formation" 
much below that usual ly  found ( 5 5  kcal/mole), and the  ionizat ion 
w a s  believed t o  be produced from the  react ion of acetylene with the 
breakdown products of iodoform (CH and C H I ) .  

' 

This mechanism is a l s o  consis tent  with the  observation thip 
the  t i m e  constants f o r  the  rise of ion concentration and CH(A LCSX T )  
rad ia t ion  w e r e  i den t i ca l  i n  the  ea r ly  s tages  05 t he  acetyleqe- 
oxygen react ion.  
which has previously been proposed 
these systems is not consis tent  with t h i s  observation. 
and 0 would be expected t o  be intermediates i n  t he  branching chain 
reac t ion ,  and therefore  the  concentrations of both would be ex- 
pected t o  r ise exponentially i n  the  early s tages  of react ion.  
Thus t h e  inverse time constant f o r  the  growth of ionizat ion would 
be e q p l  t o  the  sum of the  inverse time constants f o r  t he  r ise 
of CH4nd 0 concentrations.  

- 
However the rnecynism, CH (A A)  + 0 = CHO + e , 

f o r  t h e  formation of ions i n  
Both CH (A2A) 
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The work with the Langmuir probe 
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Figure 1. H e i g h t  of ion peaks versus time i n  two experiments. 

Experiment A : 

2 C2H2 + 302 + Kr a t  1600'K; 
curve 2 i s  acetylene, & i s  m = 39 
( C3H?j), 2 is m = 1 9  (H30+). 

' 

Experiment B: 

1.25 C2H2 + 3.75 O2 + 95.Kr a t  1700°K; 
2, b, and 5 r e fe r  t o  the  same species  
a s  i n  5.  


